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ABSTRACT
The equatorial ring of Supernova (SN) 1987A has been exposed to forward shocks from
the SN blast wave, and it has been suggested that these forward shocks have been caus-
ing on-going destruction of dust in the ring. We obtained SOFIA FORCAST 11.1, 19.7
and 31.5 µm photometry of SN 1987A in 2016. Compared with Spitzer measurements
10 years earlier, the 31.5 µm flux has significantly increased. The excess at 31.5 µm
appears to be related to the Herschel 70 µm excess, which was detected 5 years earlier.
The dust mass needed to account for the the 31.5–70 µm excess is 3–7×10−4 M, more
than ten times larger than the ring dust mass (∼ 1× 10−5 M) estimate from the data
10-years earlier. We argue that dust grains are re-formed or grown in the post-shock
regions in the ring after forward shocks have destroyed pre-existing dust grains in the
ring and released refractory elements into gas. In the post-shock region, atoms can
stick to surviving dust grains, and the dust mass may have increased (grain growth),
or dust grains might have condensed directly from the gas. An alternative possibility
is that the outer part of the expanding ejecta dust might have been heated by X-ray
emission from the circumstellar ring. The future development of this excess could re-
veal whether grains are reformed in the post-shocked region of the ring or eject dust
is heated by X-ray.
Key words: (stars:) supernovae: individual:Supernova 1987A — ISM: supernova
remnants — ISM: dust — (stars:) circumstellar matter — infrared: stars
1 INTRODUCTION
It has been proposed that core-collapse supernovae (SNe)
play a dual role in the production and destruction of the
? E-mail: matsuuram@cardiff.ac.uk (MM)
dust in the interstellar media (ISM) of galaxies, and cur-
rently, these contradictory roles are subjects of intense in-
vestigations. It has been proposed that a large mass (0.1–
1 M) of dust can be formed in SN ejecta, using newly syn-
thesised elements, thus, SNe can be an important source of
dust in the ISM of galaxies (Nozawa et al. 2003; Morgan &
Edmunds 2003; Dwek & Cherchneff 2011). In parallel, theo-
© 2018 The Authors
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ries have predicted that SN blast waves should destroy ISM
dust grains by sputtering (e.g. Barlow 1978; Schneider et al.
2004; Bocchio et al. 2014), with only larger grains surviving.
Jones et al. (1994) found that SN shocks could destroy ∼95%
of ISM dust grains, resulting in a lifetime of dust grains in
the ISM to be a few hundred million years. Temim et al.
(2015) suggested much shorter dust lifetimes in the Magel-
lanic Clouds (a few ten Myrs). On the other hand, recent full
hydrodynamical modelling (Silvia et al. 2012; Slavin et al.
2015) has found much longer ISM grain lifetimes (>1Gyr)
against destruction by SN shocks. Although the lifetime of
ISM dust is one of the keys in understanding dust evolution
in galaxies, dust lifetimes are still uncertain (Micelotta et al.
2017), owing to limited understanding of SN dust destruc-
tion processes.
Divided ideas about dust formation and destruction in
SNe and SNRs are also found in observations. SN1987A was
the first SN in which dust formation was reported (Danziger
et al. 1989). Since then dust formation has been reported in
over ten SNe and a few SNRs (Gall et al. 2014; Matsuura
2017; Sarangi et al. 2018) with the inferred dust masses
in young SNe typically of the order of 10−6 to 10−3 M
(e.g. Wooden et al. 1993; Bouchet et al. 2004; Kotak et al.
2009). Twenty three years after the explosion, a large mass
(∼0.5 M) of cold (∼22 K) ejecta dust was found by far-
infrared observations in SN 1987A (Matsuura et al. 2011).
After this finding of a large dust mass, the evolution of the
dust mass of SN 1987A was re-visited, and now there is a
debate as to whether such a large mass of dust was present
in early days but the dust emission was optically thick and
the inferred dust mass was underestimated (Dwek & Arendt
2015; Sluder et al. 2016). An alternative possibility is that
the dust mass was indeed small at early times and increased
over time (Wesson et al. 2014; Bevan & Barlow 2016).
Dust destruction by SN remnants (SNRs) has been pre-
dicted by theories, but its measurement is challenging. La-
kicevic et al. (2015) analysed dust in the SNRs in the Large
Magellanic Cloud, and found that the ISM dust mass to-
wards the SNRs tended to be lower than for the surround-
ing regions. They claimed that SNRs may destroy more dust
than they produce. However, their finding of a reduced dust
mass towards the SNRs may be attributable to hot SNR
emission overwelming cold ISM dust emission, thus it may
not be conclusive that the analysis shows dust destruction
by SNRs (Matsuura et al. 2016; Micelotta et al. 2017). Mod-
elling Spitzer’s (Werner et al. 2004) emission of old Galactic
SNRs (the Cygnus Loop and the Puppis A), Sankrit et al.
(2010) and Arendt et al. (2010) estimated that about 35 %
and 25 % of dust grains have been destroyed. Meanwhile,
Lau et al. (2015) suggested that dust had survived the re-
verse shock in the ∼10,000 year old Galactic SNR, Sgr A
East. Following the detection of CO molecules in the re-
verse shock region of the Galactic SNR, Cassiopeia A (Rho
et al. 2009; Wallstro¨m et al. 2013), chemical models have
predicted that CO molecules can re-form in the post-shock
regions but that it would be difficult to re-form dust in this
SNR (Biscaro & Cherchneff 2014).
The explosion of SN 1987A was detected in the Large
Magellanic Cloud, that lies only 50 kpc away. Due to its
close distance, SN 1987A provides a unique opportunity to
monitor at almost all wavelengths how the SNR has evolved
over the past 30 years. Hubble Space Telescope (HST) optical
images showed that the SNR is composed of ejecta, an equa-
torial circumstellar ring and two fainter outer rings. The ring
is thought to consist of the material lost from the progenitor
via a stellar wind when the star was in the red-supergiant
phase 20,000–40,000 years ago (Arnett et al. 1989; McCray
1993). While the ejecta are expanding at about 2000 km s−1
on average, the equatorial ring (hereafter the ring) expands
much more slowly (about 10–100 km s−1). The HST monitor-
ing program captured the ejecta expansion as its appearance
changed from a single blob in the 1990s to a keyhole shape
in the 2000s. Finally, the fastest part of the forward shock
has passed the ring, with shock heated material just outside
the ring in a 2014 image (Fransson et al. 2015).
For SN 1987A, dust is found not only in the ejecta but
also in the equatorial ring. Bouchet et al. (2006) obtained
spatially resolved images at 11.7 and 18.3 µm, and identified
silicate warm dust (∼180 K) emission (Fig.1) mainly arising
from the ring. Additionally, Spitzer Space Telescope obser-
vations found continuous emission between 3.6 and 4.5 µm,
and this component is attributed to collisionally heated dust
in the ring (Dwek et al. 2010), with a temperature of ∼525 K
(Arendt et al. 2016). In contrast, ALMA resolved images re-
vealed that cold (∼22 K; Matsuura et al. 2015) dust emission
clearly originates from the ejecta (Indebetouw et al. 2014;
Zanardo et al. 2014). SN 1987A has at least three discrete
dust components in terms of temperature (Fig.1), and two
in terms of location: the ring and the ejecta.
Over the last 12 years, Spitzer has monitored emission
from the ring dust at 6-month intervals (Dwek et al. 2010;
Arendt et al. 2016). After its launch in 2003, Spitzer detected
increasing fluxes from 3.6 µm to 24 µm. After the liquid he-
lium ran out in 2009, Spitzer continued to monitor only at
3.6 µm and 4.5 µm, and has found an increasing trend of hot
dust components until day∼9000, when the fluxes started
decreasing (Arendt et al. 2016). Spitzer observations have
provided unique insights into the interaction between the
SN blast wave and pre-existing material in the ring.
The infrared emission of the ring arises from ∼180 K sil-
icate dust grains, collisionally-heated by the SN blast wave
(Bouchet et al. 2006). The same collisions are also capa-
ble of destroying the dust by thermal sputtering (Dwek
et al. 2008). Recently, Arendt et al. (2016) reported that
while the hot component has reduced its 3.6 and 4.5 µm
fluxes since ∼2012, the X-ray radiation, which is the heating
source of dust, remains constant. They proposed that some
dust grains in the ring have been destroyed. Theory (Dwek
et al. 2010) predicts that these dust grains are expected to
be destroyed by sputtering within ∼1 yr. The existence of
a hot component over a period of more than three years
suggests that ambient circumstellar material is continuously
being swept up by the shocks, acquiring more circumstellar
dust. The monitoring of the ring dust emission has detected
changes over a more than ten year timescale.
Here, we report SOFIA photometry observations of
SN 1987A’s dust at 11.1, 19.7 and 31.5 µm obtained in June
2016, after resumption of mid-IR monitoring.
2 OBSERVATIONS
SN 1987A was observed with the NASA Stratospheric Ob-
servatory For Infrared Astronomy (SOFIA; Young et al.
MNRAS 000, 1–10 (2018)
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Figure 1. The near- to far-infrared SED of SN 1987A at three different epochs, with fitted dust models. The pink squares and thick
red line show the Spitzer IRAC and MIPS photometry data and IRS spectrum at day∼7,980 (Dwek et al. 2010), with the model fits as
thin red lines (Model 1 in Table 2). WISE data at day 8,450 are plotted as green diamonds. The blue circles show flux measurements
around day 10,000, assembled from Spitzer IRAC 3.6 and 4.5 µm data at day 10,377 (Arendt et al. 2016), Herschel measurements at
day 9,090 (Matsuura et al. 2015), ALMA measurements at 850 and 450 µm at day 9294 and 9351 (Zanardo et al. 2014), and our SOFIA
observations at day 10,732. One-σ uncertainties are plotted. The blue lines show four dust-component fits to the SED at day∼10,000,
with individual components plotted as dashed blue lines (Model 2 in Table 2).
2012) in the 2016 Cycle 4 observing cycle during a de-
ployment to the southern hemisphere where the aircraft
was temporarily based in Christchurch, New Zealand. Ob-
servations of SN1987A were taken on two separate flights
(Flight 318 and 320). These flight numbers correspond to
taking off on 11th July 2016 (day 10,731 since the explo-
sion of SN 1987A) and 13th July 2016 (day 10,733). The
observations were performed with the FORCAST imager
and spectrometer (Herter et al. 2012) using the FOR−F111,
FOR−F197, and FOR−F315 filters. FORCAST has a short
wavelength camera that is optimised to observe at wave-
lengths from 5 to 25 µm, and a long wavelength camera
optimised for observations from 25 to 40 µm. All imaging
observations were performed using the dual channel mode
of FORCAST, which employs a dichroic to allow imaging in
both cameras simultaneously. The 31.5 µm filter remained in
the long wavelength camera for all observations, while the
short wavelength camera was configured to observe either in
the 11.1 µm or 19.7 µm filter. Both cameras have 256×256
pixels, which after distortion correction yield an effective
field of view of 3.4’×3.2’ with a pixel scale of 0.768”pixel−1.
Observations were performed using the “Nod-Match-Chop”
mode (a standard thermal infrared chop-nod background
subtraction technique), and were configured to have 45”
East-West chop and nod throws.
Though co-added and calibrated pipelined data prod-
ucts were produced by the SOFIA Data Cycle System, the
preliminary investigation of the data did not show detections
at the signal-to-noise level expected. In particular, while
there was a clear detection of SN 1987A at 31 µm from the
first flight, there was no clear detection of it at that wave-
length on the second flight, even though the observing time
in this filter was comparable on both flights. The instrumen-
tal sensitivities in these filters are predominantly correlated
to the water vapour overburden, with the 31.5 µm filter be-
ing the most negatively affected by high water vapour of the
MNRAS 000, 1–10 (2018)
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three filters used. At the time of these observations, the ob-
servatory’s water vapour monitor was non-functional, and
therefore there is no valid information in the data headers
that could be used to deduce the observing conditions dur-
ing the observations. In order to investigate this further, the
raw data products were downloaded from the SOFIA data
archive and processed with a custom IDL software package.
These raw files contain data from each chop and nod position
separately, allowing one to measure statistics related to the
background emission, and by measuring these statistics in
all files, one can deduce the atmospheric conditions by using
the background behaviour with time as a proxy. The first
flight experienced a brief episode of highly elevated back-
ground emission, which was likely due to temporary high
precipitable water vapour conditions, and thus data during
this episode were discarded. The second flight was almost
completely plagued by highly variable backgrounds, again
likely due to unusually high precipitable water vapour con-
ditions. In addition, this second flight had some telescope
pointing issues that could not be corrected in the data. The
combination of these issues made it difficult to salvage any
of the 11.1 and 31.5 µm data from that flight. After dis-
carding all data flagged for problems from both flights, the
remaining data were co-added, yielding final effective on-
source exposure times in the three filters of 5900 s at 11.1 µm,
3900 s at 19.7 µm, and 5900 s at 31.5 µm. The final signal-to-
noise measurements on the detection of SN1987A at these
three wavelengths are 6 at 11.1 µm, 11 at 19.7 µm, and 8 at
31.5 µm.
While chopping and nodding removes the vast majority
of background sky and telescope emission, the large field of
view of FORCAST and limited stability of in-flight observa-
tions leads to the presence of some low-frequency coherent
background noise structures in the imaging data. To miti-
gate this, the co-added images were cropped to 78”×78”, and
by using a custom sky subtraction program, a low-power (be-
tween 2 and 5), two-dimensional, polynomial surface was fit-
ted to the background with the central source being masked
out. By subtracting these background surface fits from the
co-added images, the final images were created at each of
the three wavelengths.
The same flux calibrations applied to the pipeline-
processed data were used to calibrate the final re-processed
images. The SOFIA Data Cycle System pipeline calculates
the flux calibration factors (i.e. Jy/ADU/sec) and errors
based upon standard star observations across multiple flights
and observing cycles, taking into account airmass corrections
for telescope elevation and aircraft altitude, and these values
are given in the pipeline-processed data headers. The flux
calibration errors given in the headers are: 2.8% at 11.1 µm,
4.2% at 19.7 µm, and 7.0% at 31.5 µm. However, the dom-
inant source of error in the flux density estimates in these
particular data comes from the measurement errors due to
the low S/N of SN 1987A observations. The measurement
errors for the aperture photometry are: 15.6% at 11.1 µm,
8.8% at 19.7 µm, and 11.9% at 31.5 µm. Therefore, the total
flux calibration errors are these two values added in quadra-
ture for each filter. Applying these calibration factors and
errors to the data produces the following measured flux den-
sities and 1-sigma errors for SN1987A: 45±7 mJy at 11.1 µm,
88±9 mJy at 19.7 µm, and 105±14 mJy at 31.5 µm (Table 1).
Figure 2 shows the SOFIA reduced images of SN 1987A
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Figure 2. SOFIA images of SN 1987A, showing detections of an
unresolved point source in all three filter bands.
Table 1. SOFIA and WISE measured fluxes of SN 1987A.
Filter λeff ∆λ Flux
µm µm mJy
SOFIA day 10,732
FOR−F111 11.1 0.95 45±7
FOR−F197 19.7 5.5 88±9
FOR−F315 31.5 5.7 105±14
WISE mission between day 8330 and 8565
W1 3.35 0.66 1.323±0.038
W2 4.60 1.04 2.317±0.055
W3 11.56 5.51 39.95±0.68
W4 22.09 4.10 105.6±3.3
at three bands, with detections in all bands. SN 1987A is
unresolved, seen as a point source. This is expected be-
cause the full width of the half maximum (FWHM) of the
point spread function at our shortest wavelength (11.7 µm)
is about 2.7 arcsec (SOFIA Observing Handbook), which is
larger than the size of the ring (∼1.5 arcsec in diameter). The
detection limit (S/N=4) of FORCAST in the 31.5 µm band
is estimated to be 105 mJy for 5900 sec exposure time in
dual channel mode (SOFIA observer’s Handbook for Cycle
4). That is consistent with our detected flux - if the 31.5 µm
band flux had not increased since the Spitzer observations,
the source would be about 40 mJy, and it would not have
been detected at 31.5 µm. Therefore, SN 1987A has bright-
ened at 31.5 µm, allowing the source to be detected at this
wavelength.
3 SPECTRAL ENERGY DISTRIBUTIONS
3.1 Historical spectral energy distributions
Figure 1 shows the historical spectral energy distributions
(SEDs) of SN 1987A. The last Spitzer measurements before
its helium ran out in 2009 are plotted in red in Fig. 1. The
data include the Spitzer IRAC four photometric bands from
3.6 to 8.0 µm at day 7974, the MIPS 24 µm flux at day 7983,
and IRS spectrum from 5 to 35 µm at day 7954 (Dwek et al.
2010; Arendt et al. 2016). Dwek et al. fitted the near- and
mid-infrared SED with two dust components, hot and warm
(Fig. 1).
Wide-Field Infrared Survey Explorer (WISE) is an all-
sky survey at 3.4, 4.6, 12 and 22 µm (Wright et al. 2010),
with the mission life from 14th December 2009 (day 8330)
and 6th August 2010 (day 8565). The magnitudes of SN
1987A were taken from the ALLWISE catalog Table 1, with
MNRAS 000, 1–10 (2018)
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the filter widths taken from Jarrett et al. (2011). They
were converted to fluxes without colour corrections, yield-
ing 1.323±0.038, 2.317±0.055, 39.95±0.68, 105.6±3.3 mJy at
3.4, 4.6, 12 and 22 µm, respectively. The scanned dates of
SN 1987A are not listed in the catalog, so we take the ap-
proximate date of the WISE scanned date as day 8450 since
the explosion.
3.2 The SED at day∼10,000
Figure 1 shows the SOFIA flux measurements of SN 1987A
at three bands at day∼10,732. In order to analyse these data
points, we assembled the infrared and submillimeter flux
measurements from dates close to the SOFIA observations.
The Spitzer warm mission measured the flux of SN 1987A,
using IRAC at 3.6 and 4.5 µm, at day 10,377 (Arendt et al.
2016). The Herschel Space Observatory measured the flux
of SN 1987A at 70, 100, 160, 250 and 350 µm at day 9,090
(Matsuura et al. 2015). The ALMA fluxes of the ejecta were
measured at 850 and 450 µm at day 9,294 and 9,351 (Za-
nardo et al. 2014). All these measurements are plotted in
blue circles in Fig. 1.
Figure 1 demonstrates the presence of an excess at
31.5 µm, which was not detected with Spitzer IRS obser-
vations ten years ago. An excess at 70 µm on top of the cold
ejecta dust was reported by Matsuura et al. (2015). That
could not be accounted for by a potential contribution of
63 µm [O I] line emission to the wide 70 µm filter. The ex-
cess found at 31.5 µm appears to continue to the 70 µm band,
and we call this excess a ‘30–70 µm excess’.
Arendt et al. (2016) reported a decreasing trend for the
hot dust components since day ∼8,500, after a long term
increase since day 4,000. This is also found in Fig. 1 for the
Spitzer 4.5 µm and WISE 4.6 µm fluxes. The decreasing
trend is also found in the Spitzer 3.6 µm flux.
In contrast to the hot component, the time variation
of the warm component at 8–20 µm is unclear. The SOFIA
11.1 µm flux at day 10,732 is consistent with the Spitzer
IRS spectrum at day 7,954 and the WISE 12 µm at day
∼8450, with the consideration that these bands are on the
shoulder of silicate emission at 10 µm. The Spitzer MIPS
24 µm flux and the WISE 22 µm flux are also consistent with
the Spitzer IRS spectra. Figure 1 includes a 1σ uncertainty
in plotting the SOFIA 19.7 µm flux. Although the SOFIA
19.7 µm flux at day 10,732 have decreased more than 1σ
uncertainty since the Spitzer IRS spectrum were taken at
day 7,954, they are still consistent within 3σ uncertainties.
4 ANALYSIS
4.1 Modified black body fitting to the SED of day
∼10,000
In order to interpret the 30–70 µm excess, we outline the
known dust components to the SED fit at day 10,000. In the
optically thin case, the flux density Fν at the frequency ν
from a dust mass (Md) is given as a modified blackbody as
Fν = Md
4κνpiBν
4piD2
, (1)
where Md is the dust mass, Bν(Td) is the Planck function,
and Td is the dust temperature (Hildebrand 1983). D is the
distance to the LMC, adopted to be 50 kpc. The dust mass
absorption coefficient κν,a is expressed as κν,a = 3Qν/4ρa,
where ρ is the mass density of the dust grains, Qν is the dust
emissivity at the frequency ν, and a is the grain size. In the
Rayleigh limit, i.e. the grain size a is much smaller than the
emitting wavelength (λ), a  λ, κν can be simply expressed
by a power-law κ ∝ λ−β , for spherical grains, without grain
size dependence. Thus, the flux Fν becomes independent of
the grain size, at a given dust temperature Td.
For hot and warm components, Dwek et al. (2010)
and Arendt et al. (2016) already made fits to the Spitzer
day∼7,980 fluxes. Using, the IDL χ2 minimisation proce-
dure, amoeba (Press et al. 2002), we searched for parame-
ters that can fit these photometric bands and spectra with
two components. Uncertainties were estimated by Monte-
Caro Method (Press et al. 2002). These two-components
(hot and warm) were simultaneously fitted. The fitted re-
sults and uncertainties were cross-checked with those with
an independent IDL fitting code, mpfit (Markwardt 2009).
The adopted parameters of the hot and warm components
are summarised in Models 1 and 2 of Table 2, and plotted in
Fig.1. Dwek et al. tested four different types of dust composi-
tions for the hot component, and in our analysis, amorphous
carbon (Rouleau & Martin 1991) is used. The difference in
the fitted temperature of the hot component at day ∼7000 is
mainly due to assumed grain size: Dwek et al. estimated the
grain size distribution from X-ray flux, while we fixed the
grain size at 0.1 µm, focusing on infrared flux only. The IRS
spectra clearly showed silicate features, and fitting of the
warm component used the optical constants from Draine &
Lee (1984) and Laor & Draine (1993). The derived param-
eters of the warm component is marginally different from
those by Dwek et al., showing little impact of the param-
eter difference of the hot component on those of the warm
component.
Cold ejecta dust was reported by Matsuura et al. (2015),
and their Herschel flux measurements were about four and
half years before the SOFIA measurements. Matsuura et al.
(2011) suggested that the heating source of the ejecta dust
is most likely due to 44Ti decay. The half-life of 44Ti is esti-
mated to be 85 years (Jerkstrand et al. 2011), and the heat-
ing from 44Ti decay would have declined only by 4 % over
this four and half year time. Therefore, it is most likely that
the luminosity of the ejecta dust has changed little since the
Herschel measurements within their uncertainties. In Fig 1,
the fitting with amorphous carbon (Zubko et al. 1996) is
plotted. This is a fitting to Herschel 100–350 µm and ALMA
450 &850 µm fluxes (Zanardo et al. 2014), and an indepen-
dent fitting from the hot and warm components. Matsuura
et al. (2015) tested fitting the cold ejecta dust with amor-
phous silicates (Ja¨ger et al. 2003), but the difference in the
predicted 70 µm fluxes between these two dust models is
negligible (only a 4 % difference). Thus, adopting different
dust compositions does not affect our conclusion of having
an excess at 70 µm.
After fitting the warm ring dust and cold ejecta dust,
the excess departs from 30 to 70 µm at a > 6σ level.
In order to verify the presence of the excess, we further
made a single component fit to the SOFIA 11.1, 19.7 and
31.5 µm fluxes, considering their 3-σ level uncertainties. As
is found in Fig. 3, a warm component with a dust temper-
ature of 150 K and a dust mass of 3.2 × 10−5 M (Model 3
MNRAS 000, 1–10 (2018)
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Table 2. Dust model parameters with modified black bodies
Hot Component Warm Component 30–70 µm Excess Cold Component Figure
Md Td Md Td q
(1) Md Td Md Td
×10−8(M) (K) ×10−5(M) (K) ×10−4(M) (K) (M) (K)
Model 1 Day∼7,980 2.69±0.07 525.250±0.008 0.900±0.005 190.98±0.02 – Fig. 1
Model 2 Day∼10,000 2.0±0.3 525±17 0.6±0.7 191±11 – 3.6±2.0 85±4 0.549±0.08 20.3±0.5 Fig. 1
Model 3 Day∼10,000 2.0±0.3 525±17 3.2 150 – 0.549±0.08 20.3±0.5 Fig. 3
Model 4 Day∼10,000 2.0±0.2 525±13 0.6±0.3 191±5 – 3.9±8.0 85±17 0.493±0.10 20.4±0.3 Fig. 4
Model 5 Day∼7,980 2.69±0.07 525.250±0.008 1.6(2)±0.1 195(2)±1 3.9(2)±0.3 Fig. 5
Model 6 Day∼10,000 2.0±0.3 525±17 74(2)±40 187(2)±15 2.4(2)±1.8 0.549±0.08 20.3±0.3 Fig. 5
(1)Unless specified, q is fixed to 3.5. The models 2 and 4 have an additional component to explain the 30–70 µm excess: the model 2
uses only three components (hot, warm and 30–70 µm excess) to fit 3.6–70 µm fluxes, with fixed parameters of the cold component,
while the model 4 consider all four components as independent parameters, fitting 3.6–870 µm fluxes. The model 3 is to find a solution
of the hot component in order to fit 11.1–31.5 µm SOFIA data within 3-σ, instead of 1-σ uncertainty. The model 5 and 6 use
temperature dependence of grain size for warm dust, and the temperature quoted here is for the highest temperature (for the smallest
grains). (2) : temperature gradient of collisionally heated grains was considered.
Figure 3. Fitting the SEDs within the 3-σ uncertainties of the
SOFIA fluxes (Table 2 model 3). Both 1-σ and 3-σ uncertainties
are plotted for the SOFIA fluxes and Herschel 70 µm, while the
uncertainties for the Herschel and ALMA bands at >100 µm re-
main 1-σ only, the same as Fig. 1. The Spitzer’s uncertainties are
smaller than the plotting symbols. By increasing the dust mass
and decreasing the dust temperature of the warm component, the
SOFIA 11–31 µm fluxes can be fitted within the 3-σ uncertain-
ties, but this fit is insufficient to reproduce the 70 µm excess.
in Table 2) can fit the SOFIA 11.1, 19.7 and 31.5 µm fluxes
within 3-σ uncertainties. In this fit, we vary only the pa-
rameters of the warm component, with those of hot and cold
components fixed as of Model 2. However, this model spec-
trum under-predicts the Herschel 70 µm excess by a factor of
6; even with cold ejecta dust, this model still under-predicts
the flux by a factor of 2. We further attempted to search
for a fit to the SOFIA bands and the Herschel 70 µm excess
with the χ-square minimisation procedure amoeba, but no
solution was found within the 3-σ uncertainties. A warm
component with a modified blackbody fit is insufficient to
reproduce the 11–70 µm fluxes.
4.2 An additional ‘30–70-µm’ component?
In order to understand the nature of the 30–70 µm excess,
we further model it with an additional modified blackbody
component, while we kept the parameters of hot, warm and
cold as explained in the previous section. The 30–70 µm ex-
cess requires the dust temperature to be 85 K and the dust
mass to be 3.6× 10−4 M (Table 2 model 2; Fig.1) assuming
silicate dust (Draine & Lee 1984). In this model, we fitted
the ‘excess’ on top of the warm and cold components. The
temperature of 85 K is between those of the warm and cold
components. The dust mass from the best fitted parameters
is about a factor of 300 larger than that of the warm com-
ponent. Because the Planck Function is involved in equation
1 and because lower dust temperature yields lower luminos-
ity, the ∼85 K excess would require a much higher dust mass
than the ∼191 K warm component, even though the uncer-
tainty in the dust mass of the excess component is large.
Finally, we fit all four components simultaneously as
free parameters, and the fitted results are summarised in
Table 2 model 4 and shown in Fig. 4. The best fitted pa-
rameters are consistent with the fitting of three components
(hot, warm and cold) and an additional ‘30–70-µm’ excess
on top (Table 2 model 2), however, the fitting doesn’t con-
verge well, resulting in large uncertainties in the dust mass
on the the excess component.
4.3 Alternative possibility — temperature
gradient and large grains in warm component?
4.3.1 Temperature gradient
While Eq. 1 assumes that all dust grains have the same dust
temperature, this assumption might not be always the best,
and may potentially be an oversimplification. We consider
an alternative possibility that dust grains in the warm com-
ponent have a temperature gradient as a function of grain
size, resulting in a wider spread in the emitting wavelengths.
The ring dust can be continuously heated by X-ray
radiation, emitted by the interaction between the fast SN
blast wave with the pre-existing equatorial ring (Bouchet
et al. 2006; Dwek et al. 2010; Frank et al. 2016). The fastest
part of the ejecta gas expanded with a speed of over 3,000
km s−1 (McCray 1993; Larsson et al. 2016), and has caught
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Figure 4. SEDs and fitted results to day∼10,000 with all four
components as independent parameters (Table 2 model 4)
up with the slower (100 km s−1; Groningsson et al. 2008)
expanding ring. In the shocked ring, there are two possible
grain heating mechanisms, collisional heatings by shocked
gas and radiative heating in the radiative shocks (Bouchet
et al. 2006). Dwek et al. (2008) mainly considered collisional
heating and noted that the heating rate depends on whether
electrons from the X-ray plasma stopped inside the grains
or ‘penetrate’, and that the grain temperature depends on
grain size only when the electrons are trapped inside the
grains. Approximately, the temperature of a dust grain of a
radius a is a function of a−γ, where γ = 1/(4 + β). Although
this approximation is not accurate for the near-infrared, the
overall shape of the SED at mid-infrared and far-infrared
wavelengths does not have a significant impact due to this
approximation.
First, we attempted to fit the SED from 10–70 µm at
day∼10,000, by including the grain size dependence of the
dust temperature in the warm component. The minimum
and maximum grain sizes of 0.0003 and 1.0 µm were adopted
(Weingartner & Draine 2001). Such a model can fit the SED
from 10–30 µm within the 3-σ flux uncertainties. However,
the model spectrum under-predicts the flux at 70 µm, almost
identically to the model spectra shown in Fig.3.
4.3.2 Temperature gradient with non-standard grain size
distribution
Although we added a simple function for the temperature
dependence on grain size, using only the power law index of q
of 3.5 for the Galactic ISM (Mathis et al. 1977), the fitted re-
sult under-predicted the flux at 70 µm. As the next step, we
parameterise the power law index q of the grain size distribu-
tion, because increasing the number of larger dust grains can
further increase the fluxes at longer wavelength. We started
by fitting the warm component at day∼8,000 with a power
law index q of 3.5. The minimum and maximum grain sizes
of 0.0003 and 1.0 µm were adopted (Weingartner & Draine
2001). The maximum dust temperature (i.e. the dust tem-
perature of the smallest grain) of 195 K for the warm com-
ponent can fit the SED at day∼8,000 (Model 5 in Table 2).
Figure 5. Fitting the SEDs with models involving grain size
distributions (q) and the grain size dependent temperature for the
warm component, with parameters summarised in Table 2 models
5 and 6. The models for the hot and cold components remains the
modified blackbody.
During this process, the hot component still kept as Model
1, as having only two photometry points is insufficient to
introduce additional parameter of q. The resultant spectra
are shown as red lines in Figure 5.
Using the χ2 fitting function amoeba, we found that
the spectra using a power law index q=2.4 with a maximum
dust temperature of 187 K can fit the 30–70 µm excess for
day∼10,000 (Fig. 5). The fit is slightly larger than 1-σ un-
certainty at 30 µm but within 3-σ. We fixed the minimum
and maximum grain sizes to be 0.003 and 1 µm, as we have
only four photometric points, allowing optimisations of only
up to three parameters (dust mass, temperature and the
power law index of the grain size distribution). The inferred
dust mass was 7.4 × 10−4 M (Table 2 model 6). Although
there is a large uncertainty in the dust mass and the inferred
dust mass decreases with presence of more large dust grains
(smaller q index), it is another issue whether such large dust
grains, i.e. nearly flat grain size distribution across grain
sizes, are plausible or not.
5 DISCUSSION – ORIGIN OF THE
30–70 MICRON EXCESS
We have found emission at 30–70 µm in excess on top of pre-
viously modelled composed of hot, warm and cold compo-
nents. We note that we consider it very unlikely that strong
line emission could be a contributor to the rising 30 µm flux.
Spitzer IRS spectra did show a weak [S III] line at 33.5 µm,
which falls within the SOFIA 31.5 µm band. Additionally,
[S III] has a line at 18.7 µm. If the increase of the SOFIA
31.5 µm flux is due to [S III] line, then the SOFIA 19.7 µm
band flux should have increased as well. However, such an
increased trend was not found at 19.7 µm. It is unlikely that
the line emission is the source of the increasing 30 µm flux.
We find two possibilities for the excess emission at 30–
70 µm; Model 2 an extra component at 30–70 µm on top of
the previously known hot, warm and cold components, or
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Model 6 having a warm component with more large dust
grains than the standard ISM grain size distributions. In
both cases, the best fitted parameters of the 30–70 µm emit-
ting source have a dust mass higher than that of the warm
component at day∼8,000. We discuss the possible interpre-
tations of these components and associated locations.
If the excess is explained with an extra component, the
excess can be fitted with a modified black body of an approx-
imate temperature of 85 K (Models 2 and 4). The inferred
dust mass is 3.6 × 10−4 M and more than 10 times larger
than the mass of the warm ring dust. Because lower tem-
perature of the modified black body results in lower bright-
ness (Eq. 1), much higher dust mass in the excess component
(temperature of ∼85 K) would be required than that of the
warm component (191 K warm). We argue that this excess
might have originated from re-formed dust grains or from
grain growth in the ring in the post-shock region. Dust ref-
ormation refers to dust grains formed from the gas phase,
whereas dust growth refers to dust grains with increased
mass due to accretion of atoms from the gas phase. Dust
growth can accompany coagulation of grains with other dust
grains, increasing grain sizes.
The fastest part of the blast wave started its interaction
with the ring in 1995 (Sonneborn et al. 1998), and since then
the morphology of the ring has changed in time; initially
the shape of the ring was smooth, but eventually it broke
up into clumps, and now the blast wave (forward shock)
has passed the ring (Fransson et al. 2015). The pressure
behind the forward shock created reverse shock propagating
into the SN ejecta (Chevalier & Fransson 2016). The reverse
shock caused by this interaction have been detected since
2003 (France et al. 2010). As the forward shock expands
outwards, the reverse shock moves inwards, the material left
in between the two shocks can cool down, and this material
might be the site of dust re-formation.
A similar process but at a much earlier time frame has
been proposed for type IIn SNe (e.g. Smith et al. 2008).
Type IIn SNe show narrow line emission after the explosion,
and these lines indicate the presence of dense circumstellar
material that had been expelled by the progenitor star before
the explosion. The optical line asymmetries and the infrared
excess have suggested formation of dust in the dense shell of
type IIn SNe, approximately a few ten to a few hundred days
after the explosion (Smith et al. 2008; Fox et al. 2009; Gall
et al. 2014; Andrews et al. 2016; Chugai 2018). Similar dust
formation in the material between the reverse and forward
shocks might happen in SN 1987A, but on a much longer
time scale than for type IIn SNe.
Following the detection of CO molecules in the reverse
shocked region in the Galactic SNR, Cassiopeia A (Rho et al.
2009, 2012), chemical models have been developed to explain
the presence of the CO molecules from ejecta material in
the post-shocked region (Biscaro & Cherchneff 2014). How-
ever, the same chemical model predicts that dust is not eas-
ily formed in the post-shock regions. Biscaro & Cherchneff
(2014) modelled a type IIb SN, and found that the density
in the post-shock regions is not sufficiently high enough for
dust formation. Furthermore, another chemical modelling
(Sarangi et al. 2018) of interaction between the circumstel-
lar and SN blast winds (forward shock) in type IIn SNe
found that the temperature in the post-shocked region is
too high for early dust formation, when dust emission has
been reported as early as day 87 in SN 2010jl. If the den-
sity and the temperature are the key, that would open up
a question of the density and temperature in post-shocked
region in the circumstellar envelope in SN 1987A. Estimate
of the time evolution of the temperature and the density of
SN 1987A ring and chemical model on these physical condi-
tions would be helpful if it is feasible for the dust formation
in the SN 1987A ring.
An alternative possibility to explain the 30–70 µm ex-
cess is due to large dust grains (Model 6). Compared with
the power law index of a−3.5 for the standard ISM dust
grain distributions, where a is the grain size, the excess of
SN 1987A might be explained with a−2.4, i.e. much more
heavily weighted to larger dust grains than the standard
ISM grain distribution.
SNR models have predicted that the power law index
q might depart from 3.5 in shocked SNRs (Nozawa et al.
2007; Bianchi & Schneider 2007; Hirashita & Kuo 2011).
The model of Nozawa et al. (2007) showed that smaller dust
grains are likely to be destroyed by shocks, while larger dust
grains can survive. It is possible that the grain size distri-
bution in the shocked circumstellar ring in SN 1987A might
not follow a standard ISM power law index of 3.5.
However, the inferred dust mass (7.4 × 10−4 M) at
day∼10,000 is much larger than the mass (1 × 10−5 M)
at day∼8,000. That cannot be explained only by dust de-
struction processes, and requires dust reformation or grain
growth.
The inferred dust mass to explain the 30–70 µm re-
gion has a larger dust mass than the warm component at
day∼8,000. The timing coincides with passage of the for-
ward shock beyond the ring, so it might be associated with
forward shock.
It is unclear whether the excess found by SOFIA is dust
re-formation or dust growth, as we are unable to disentan-
gle these two cases from existing data. After the passage
of forward shocks into the ring of SN 1987A, existing red-
supergiant dust in the circumstellar ring should have been
destroyed. That would release refractory elements into gas.
Dust grains can be condensed from gas, i.e., re-forming dust
grains in the post-shock region. The passage of the forward
shock will destroy dust grains in the circumstellar ring, but
dust grains are not completely destroyed, particularly larger
grains. Surviving dust grains could offer seeds for atoms to
stick onto, allowing the dust grain mass to increase with
time.
The timescale for the dust reformation might be an is-
sue. The cooling timescale in the shocked gas in the ring of
SN 1987A has been predicted to be 12–40 years (Dwek et al.
2010). Since the forward shocks have been interacting until
recently (France et al. 2010), the cooling time scale needs to
be much shorter than that.
An alternate possibility is that the 30–70 µm excess is
associated with the SN ejecta. The decreasing density of
heavy elements will allow X-rays to heat an increasingly
larger mass of ejecta dust to higher temperatures. These
possibilities will be tested by the forthcoming JWST space
mission. MIRI on board the JWST has a wavelength cover-
age up to 28 µm, and it has an angular resolution sufficient
to resolve the inner structure of the ring and ejecta. Thus,
MIRI should be able to pin down exactly the location of the
30–70 µm excess, whether it is within the ejecta, or whether
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it is in dense material between the forward and reverse shock
within the ring clumps.
If the dust mass can increase in post-shock regions,
the roles of SNe on dust evolution of galaxies might be re-
evaluated. Our observations suggest that it might be much
easier to form dust grains than previously thought in a SN
environment. SNe have been discussed concerning their roles
on largely destroying ISM dust with forward shocks, and as a
source of ISM dust because newly formed dust can be formed
from newly syntheised elements in the ejecta, although such
dust has been suggested to be completely destroyed by re-
verse shocks (Nozawa et al. 2007; Bianchi & Schneider 2007).
Having dust forming in post-shock regions could potentially
cause a re-evaluation of the the overall dust input from SNe
and SN remnants into the interstellar medium.
6 CONCLUSIONS
We report SOFIA flux measurements of SN 1987A at 11.1,
19.7 and 31.5 µm in 2016. We found that the 31.5 µm flux
has increased since Spitzer measurements ten years ealier.
Together with the excess found by Herschel at 70 µm, we
consider the origin of 30–70 µm continuum excess. That ex-
cess can be fitted with dust component with a temperature
of about 85 K dust and with a dust mass of 3.5 × 10−4 M.
We suggest that the 30–70 µm excess might be due to the
dust re-formation in the circumstellar ring, after the passage
of the forward shocks. An alternative possibility is that part
of the ejecta dust could be being heated to a much higher
temperature than the rest of the ejecta dust. If the 30–70 µm
excess is indeed due to dust re-formation, that would sug-
gest that dust formation or grain growth might take place
much more easily and widely than previously thought.
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